The relative importance of host-specific selection or environmental factors in 25 determining the composition of the intestinal microbiome in wild vertebrates 26 remains poorly understood. Here, we use metagenomic shotgun sequencing of 27 individual specimens to compare the intra-and interspecific variation of 28 intestinal microbiome communities in two ecotypes (NEAC and NCC) of 29 Atlantic cod (Gadus morhua) -that have distinct behavior and habitats-and 30 three Gadidae species that occupy a range of ecological niches. Interestingly, we 31 find significantly diverged microbiomes amongst the two Atlantic cod ecotypes. 32
evolutionary separation and niche occupation. Using metagenomic shotgun 48 sequencing, we observe distinct microbiomes amongst two Atlantic cod (Gadus 49 morhua) ecotypes (NEAC and NCC) with distinct behavior and habitats. In 50 contrast, interspecific patterns of variation are more variable. For instance, we 51 do not observe interspecific differentiation between the microbiomes of coastal 52 cod (NCC) and Norway pout (Trisopterus esmarkii) whose lineages have 53 evolutionary separated over 20 million years ago. The observed pattern of 54 microbiome variation in these gadoid species is therefore most parsimoniously 55 explained by differences in niche occupation. 56 57
Introduction 58
Significant research effort has focused on the importance of external, 59 environmental factors (e.g. habitat, geography, microbial biodiversity, diet, 60 water temperature or salinity) and internal, host-related factors (e.g. genetics, 61 physiology or immunity) in driving the composition of the intestinal 62 microbiome in fish (1, 2) . That external factors play an important role is well 63 on February 27, 2020 by guest http://aem.asm.org/ Downloaded from performs typical spawning migrations from the Barents Sea to the Norwegian 122 coast whereas the Norwegian coastal cod (NCC) remains more stationary (34, 123 43 ). These ecotypes have increased genomic divergence in several large 124 chromosomal inversions (43-47), suggestive of local adaptation. The 125 environments that these two ecotypes encounter are different, and they feed on 126 distinct types of food. NEAC consumes mostly capelin and herring and NCC 127 feeds on a wide range of crustaceans, fish and seaweed (34, 39, 48) . During 128 spawning, these ecotypes spatially co-occur, and long-term gene flow between 129 ecotypes is supported by low overall estimates of divergence in most genomic 130 2. Methods 147
Sample collection 148
Northeast Atlantic cod (Gadus morhua) (NEAC, 10 individuals) were collected 149 in Lofoten (N68.0619167, E13.5921667) in March 2014, and Norwegian coastal 150 cod (Gadus morhua) (NCC, 10 individuals) at the same location in August 2014 151 ( Fig. 1a , Table S1 ). NCC (2 individuals) were also collected in the Oslo Fjord 152 (N58.9125100, E9.9202624 & N59.8150006, E10.5544914). Norway pout 153 (Trisopterus esmarkii, 4 individuals), poor cod (Trisopterus minutus, 5 154 individuals) and northern silvery pout (Gadiculus thori, 3 individuals) were 155 collected in the inner Oslo Fjord in May 2015 (Table S1 ). All fish specimens 156 were collected from wild populations. A 3 cm long part of the hindgut 157 (immediately above the short, wider rectal chamber) was aseptically removed 158 post-mortem by scalpel and stored on 70% ethanol. The samples were frozen (-159 20°C) for long-term storage. Relevant metadata such as length, weight, sex and 160 maturity were registered. We always strive to reduce the impact of our sampling 161 needs on populations and individuals. Therefore, samples were obtained as a 162 byproduct of conventional business practice. Specimens were caught by 163 commercial vessels, euthanized by local fishermen and were intended for human 164 consumption. Samples were taken post-mortem and no scientific experiments 165 have been performed on live animals. This sampling follows the guidelines set 166 by the "Norwegian consensus platform for replacement, reduction and 167 refinement of animal experiments" (49) and does not fall under any specific 168 legislation in Norway, requiring no formal ethics approval. 169
Sample preparation and DNA extraction 170
Intestinal samples were split open lengthwise, before the combined gut content 171 and mucosa was gently removed using a sterile disposable spatula. Each 172 (Table S3 ). 217
Sequence variation analysis 218
In order to assess the heterogeneity of the most abundant bacteria in the fish 219 species, we analyzed the sequence variation in the two genomes with the highest 220 mean relative abundance over all fish species and ecotypes; Photobacterium 221 kishitanii and Photobacterium iliopiscarium. Paired-end reads from each 222 individual fish were mapped to the reference genomes (Table S3) Simpson indices calculated from non-normalized order-level read counts (Table  243 S4). Differences in alpha diversity were studied using linear regression. The 244 "optimal model" (the model that best describes the individual diversity) was 245 identified through a "top-down" strategy including all covariates (Table S5) 
Taxonomical composition of the intestinal microbiomes 277
We analyze a dataset of 422 million paired-end reads, with a median sample size 278 of 11.9 million reads (8.0 -19.6 million reads per sample) ( Table 2, Table S7 ). 279 on February 27, 2020 by guest http://aem.asm.org/
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Following filtering, order level classification could be obtained for 93% of all 280 sequences (Table 2) . Based on non-normalized order-level sequence counts, we 281 observe clear patterns of separation between species and ecotypes in a 282 multivariate NMDS plot ( Fig. 1b) , with NEAC and northern silvery pout 283 forming distinct clusters, whereas the NCC populations encompasses the 284 Norway pout and poor cod populations. Vibrionales is the most abundant order 285 in the intestinal microbiomes of NCC specimens at both coastal locations (mean 286 relative abundance (MRA): 76%) as well as Norway pout (MRA: 79%) and 287 poor cod (MRA: 44%) ( Fig. 2a , Table 3 ), with the remainder of each gut 288 community consisting of a mix of orders with low relative abundance. The 289
intestinal microbiome of the NEAC and northern silvery pout specimens have a 290 significantly more diverse community composition ( Fig. 2a, Fig. 3 ). NEAC is 291 dominated by Bacteroidales (MRA: 21%), Vibrionales (MRA: 17%), 292
Clostridiales (MRA: 12%) and Brevinematales (MRA: 7%) and northern silvery 293 pout has a high relative abundance of orders Brachyspirales (MRA: 16%) and 294
Clostridiales (MRA: 14%). Distinct from the gut community of the other fish 295 populations, northern silvery pout has a low abundance of Vibrionales. Finally, 296 the amount of sequences in the "Others" category, as well as sequences 297 classified above order level (mean all samples: 7.8%), vary slightly between the 298 fish species (Table S8) . A species-level classification was obtained for 66% of 299 all sequences. Overall, species of the genus Photobacterium comprise on 300 average 40.6% of the classified sequences, ranging from 0.2% in northern 301 silvery pout to 74.3% in Norway pout (Fig. 2b ). In particular, P. kishitanii and 302 P. iliopiscarium represent on average 43% and 36% of all Photobacterium 303 species, although the ratio differs in the different fish species (e.g. 49% vs. 41% 304 in NCC, 16% vs. 56% in NEAC and 55% vs. 12% in Norway pout). 29% to the (Bray-Curtis) dissimilarity between the NCC and NEAC (p = 0.001), 350 followed by differences in the relative abundance of Bacteroidales, explaining 351 10% of the dissimilarity (p = 0.001) (Table S9) 
Bacterial within-species variation of Single Nucleotide Variant 357 heterogeneity 358
We investigated bacterial within-species variation of P. iliopiscarium and P. that NEAC has a significantly different SNV pattern from Norway pout (Chi-376 square, p = 0.017) and poor cod (p = 0.028) for P. kishitanii, and from NCC (p = 377 0.033) and Norway pout (p = 0.000) for P. iliopiscarium (Fig. 4d , Table S10 ). 378 NCC has a significantly different SNV pattern from Norway pout (p = 0.003) 379 for P. iliopiscarium. (Fig. 4d , Table S10 ). The relative abundance of P. 380 kishitanii and P. iliopiscarium vary greatly among the fish specimens used in the 381 variation analysis (Fig. 4e) . 382 (Table S11 ). This bacterium within the 492
Vibrionaceae family was isolated from the intestines of cultured turbot 493 (Scophthalmus maximus) larvae in Norway, and classified as a novel species 494 phenotypically similar to the Vibrio genus (95). Interestingly, poor cod are also 495 host to the highest abundance of Vibrio spp. among the fish species in this study 496 (Table S11) 
